Here in this contribution, blue and red luminescent 1-dodecanethiol (DT) terminated gold nanocluster (AuNC) were prepared by a simple two-step synthesis route where the first step involved the surfactant-free synthesis of bare AuNC in N,N´-dimethylformamide (DMF) and the second step is the termination of the as-prepared bare AuNC by 1-dodecanethiol. The blue and red luminescent DT-terminated AuNC were isolated by a solvent-induced precipitation followed by ultra-centrifugation technique. Both, the bare AuNC and the blue and red luminescent DT-terminated AuNC exhibit stable photoluminescence and good solubility in various solvents. The photo-physical, electronic, structural, and morphological properties of the bare AuNC and the blue and red luminescent DT-terminated AuNC were examined by performing UV-Vis absorption spectroscopy, stationary and time-resolved PL spectroscopy, X-ray photoelectron spectroscopy (XPS), femtosecond transient absorption spectroscopy, Fourier-Transform infrared spectroscopy (FTIR-ATR), and high-resolution transmission electron microscopy (HRTEM) experiments.
The use of thiols as a protecting agent for the synthesis of gold nanocluster is well established.
The reason for this is mainly because of the formation of covalent bonds at gold surface via sulphur head group. The synthesis of thiol-derivatized stable gold nanoparticles was first reported by Brust and Schiffrin in the mids of 1990 11 . Following this seminal work, various methods have been developed so far to synthesize monodisperse gold nanocluster of definite particle sizes by controlling the initial reaction conditions such as thiol-to-gold ion ratio, reducing agents, temperature and also by modifying the post-synthetic purification processes.
Several well defined nanoclusters have been synthesized so far such as Au 20 (SR) 16 , Au 25 (SR) 18 , Au 38 (SR) 24 , Au 102 (SR) 44 , and Au 144 (SR) 60 [12] [13] [14] [15] [16] [17] . Among all these thiolate protected gold nanocluster, Au 25 (SR) 18 and Au 144 (SR) 60 are most widely studied due to their higher stability in comparison to other thiolated gold nanoclusters. The X-ray crystal structure of Au 25 (SCH 2 CH 2 Ph) 18 nanocluster was also recently determined in both, anionic and neutral forms 18 . All these nanoclusters were synthesized by using a thiol as a protecting ligand in an organic solvent. The use of organic solvents as a reaction medium makes these nanoclusters soluble only in organic solvents. However, water solubility of the nanocluster is very crucial for biological applications (e.g. biological imaging, labelling and therapeutics). Several reports are available where gold nanocluster were prepared using proteins 19 , dendrimers 20 , amino acids 21 , DNA 22 and polyelectrolytes 23 as scaffolds. However, most of the methods mentioned above need an expensive starting material, photo-irradiation, electric field application or an external toxic reducing agent such as sodium borohydride. The synthesis of noble metal nanocluster without the use of external reducing agents was demonstrated in recent past by Liz-Marzán and co-workers using N,N´-dimethylformamide (DMF) as both, mild reducing and stabilizing agent 24 . However, they only succeeded in producing nonluminescent nanoparticles with sizes larger than 5 nm. These noble metal nanoparticles exhibit intense surface plasmon bands in the UV-Vis absorption spectrum. Later Liu et al. 25 extended this idea of using DMF as both, reducing and stabilizing agent at high temperature and they have succeeded in developing a surfactant-free recipe to synthesize highly stable and
Functionalization of the as-prepared bare AuNC with 1-dodecanethiol (DT)
To 3 ml of the methanolic solution of the as-prepared AuNC, 0.1 mmol of 1-dodecanethiol (ligand-to-AuNC mole ratio ≈ 3) was added under vigorous stirring. The reaction was allowed to proceed in the dark for about 24 h. After the completion of the ligand binding process the solution was aged for another 24 h. During this aging process some of the initially formed blue luminescent DT-terminated AuNC start to grow to larger red luminescent AuNC. Finally 5 ml of de-ionised water was added which was followed by centrifugation at 12000 rpm for 30 min to separate the blue and red luminescent DT-terminated AuNC. The red luminescent AuNC were obtained in the precipitate, whereas the blue luminescent AuNC remain in the solution. Both these DT-terminated AuNC were dissolved in methanol for further characterizations.
Methods and instrumentations

High-Resolution Transmission Electron Microscopy (HRTEM)
The HRTEM images were recorded using a Phillips CM 300 UltraTwin microscope. The measurements were carried out at an accelerating voltage of 300 kV in the bright-field mode.
The samples for HRTEM were prepared by dropcasting 5 microliter of the ethanolic solution of the DT-terminated blue and red luminescent AuNC onto an ultrathin carbon coated copper grid (300 mesh) followed by drying in a vacuum at 25°C for 2 days.
X-ray Photoelectron Spectroscopy
The chemical compositions of the bare AuNC were investigated with X-ray photoelectron spectroscopy (XPS, PHI 5600 XPS spectrometer). Monochromatic Al K α was used as the Xray source.
Fourier-Transform Infrared Spectroscopy-Attenuated Total reflection (FTIR-ATR)
The infrared spectrum were taken in the attenuated total reflection mode (ATR) using a FTIRspectrometer (Prestige-21 Shimadzu) equipped with a smart-orbit ATR attachment containing a single reflection diamond crystal. The angle of incidence relative to the ATR crystal surface was 45° in the analysis. Typically 100 scans were performed with a 4 cm -1 resolution.
Steady-State Optical Spectroscopy
The PL spectra were recorded on a Jobin-Yvon FluoroMax-3 spectrofluorometer using the magic-angle polarization configuration and a slit width of 5 nm for both excitation and
Page 4 of 23 Physical Chemistry Chemical Physics
Physical Chemistry Chemical Physics Accepted Manuscript emission spectra. The UV-Vis absorption spectra were recorded on a Perkin Elmer UV-Vis absorption spectrometer Lambda 2. All experiments were performed at room temperature using quartz cuvettes with an optical path length of 10 mm. The PL quantum yields of the DT-terminated blue-and red-luminescent AuNC were estimated using a fluorescence standard. The following relative comparison method was used to evaluate the quantum yield: (1) where Q is the PL quantum yield, I the integral area under the PL spectrum, η the refractive index of the solvent, and A the absorption at the selected excitation wavelength. The subscripts "t" and "s" represent the test sample and fluorescence standard, respectively.
Time-Resolved Optical Spectroscopy
PL decay profiles were recorded using the time-correlated single-photon counting (TCSPC) PL spectroscopy technique. This time resolved measurement of the PL intensity was carried out on the TCSPC spectrometer Fluorolog-3 (Jobin Yvon) equipped with a microchannel plate (Hamamatsu, R3809U-50) that provides a time resolution of about 60 ps.
Femtosecond transient absorption spectroscopy experiments were conducted with a Clark MXR CPA 2101 laser system in conjunction with an Ultrafast TAPPS HELIOS detection system, consisting primarily of a glass-fiber based spectrometer. The output pulses at 387 nm with a 150 fs pulse and a 1 kHz repetition rate were used as pump pulses. They were obtained by amplifying and frequency doubling the 775 nm seeding pulses of the Er 3+ -doped glass fiber oscillator in a regenerative chirped-pulse titanium-sapphire amplifier and with the frequency doubling BBO crystal in the nonlinear optical amplifier (NOPA), respectively. All samples were pumped at excitation densities between 1.14×10 9 and 1. 
Synthesis of bare AuNC
Here a simple one-pot synthesis method was employed to synthesize sub-nanometer sized AuNC. N, N'-dimethylformamide (DMF) was used as a solvent as well as a weakly reducing agent. It is already known from other reports 24, 25 that DMF is able to act as a mild reducing agent at high temperature. In particular, the addition of a gold salt solution into a pre-heated DMF was here observed to perform as a redox reaction that predominantly yielded AuNC and a little or no formation of larger gold nanoparticles and bulk metals as by-products.
The complete mechanism of the reduction reaction is not well understood. In many previous reports 24, 25 , it was believed that, during the process, dimethylformamide (DMF) oxidizes to carbamic acid which in turn at high temperature can easily decompose to dimethyl amine with the evolution of carbon dioxide gas. DMF can only act as a mild reducing agent at high temperature. In contrast, at low temperature, the same reaction will yield large gold nanoparticles that exhibit surface plasmon resonance absorption instead of PL emission. This implies that the formation of AuNC requires a sufficiently high temperature, in order to activate the reducing ability of DMF to reduce metallic gold ions into non-metallic luminescent AuNC. Figure 4 shows the PL emission spectra of the products synthesized at three different refluxing temperatures that are 145°C, 100°C and 70°C, respectively. AuNC synthesized at 100°C exhibit a very lowintensity PL emission, whereas the AuNC synthesized at 70°C show no PL emission at all.
The UV-Vis absorption spectra ( Figure 5 ) of the as-synthesized AuNC do not contain any peak at 324 nm as being characteristic for Au(III) ions which suggests the complete reduction of Au(III) into Au(0). The absence of any surface plasmon resonance peak, which appears in the range of 520-570 nm for gold nanoparticles in the absorption spectra, indicates that the reaction predominantly produces AuNC with sizes less than 2 nm. The absorption increases strongly towards shorter wavelengths around 400 nm due to interband transitions. A broad absorption band can be observed around 300-350 nm which is a finger-print band for few atoms sub-nanometer sized AuNC (Au 4 -Au 10 ). The absence of plasmon absorption band in case of sub-nanometer sized AuNC was previously explained in terms of electron-surface scattering phenomenon 27, 28 . The absence of the localised surface plasmon resonance (LSPR) band in small AuNC is also supported by the recent theoretical work on monolayer-protected AuNC carried out by Häkkinen and co-workers 29 . In fact, they showed by performing ab initio calculations how the collective electronic oscillation may change when the gold core of the experimentally observed thiolate-stabilized gold cluster grows from 1.5 to 2.0 nm. This theoretical study is of particular importance as it demonstrates a threshold size for the emergence of LSPR in these monolayer-protected AuNC. Almost no changes of the UV-Vis absorption spectra of the as-prepared bare AuNC were observed after 3 months of storage which indicates the great stability of the AuNC. Moreover, no alteration of the spectral features of their PL emission as well as no change of the UV-Vis absorption spectra was observed upon addition of a reducing agent such as NaBH 4 or an oxidizing agent like H 2 O 2 .
These experimental results prove both, the high stability of the as-prepared AuNC and the absence of any Au ion in the solution.
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The electronic structure and the oxidation state of the as-synthesized bare AuNC were examined upon performing XPS measurements. Figure 6 shows the Au(4f) core-level photoemission spectrum of the freeze-dried AuNC. The Au(4f 7/2 ) binding-energy peak of the resulting AuNC (84.8 eV) is located between that of the Au (0) formerly published results 34, 35 .
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Using fs transient absorption spectroscopy the ultrafast photo-induced electron transfer and excited state dynamics of the AuNC were investigated. The transient absorption of the AuNPs and AuNC was previously studied [36] [37] [38] . The time evolution of the transient absorption spectra of the excited-state relaxation dynamics of bare AuNC following an excitation at 387 nm is depicted in Figure 8 
Termination of the bare AuNC
The bare AuNC were terminated with 1-dodecanethiol (DT). To further confirm the ligand binding to the gold core, FTIR measurements of the DTterminated AuNC before aging was performed in the attenuated total reflection mode (ATR mode). The FTIR spectra of the DT-terminated AuNC and pure DT are presented in Figure   13 . Most of the characteristic vibrational bands of the DT-terminated AuNC resemble those of pure DT which prove that DT is indeed a part of the cluster. Both, the DT-terminated AuNC and pure DT exhibit sharp bands at 2923 cm -1 and 2850 cm -1 which can be assigned to the asymmetric and symmetric methylene stretching modes respectively. Two bands at 2954 cm The UV-Vis absorption spectrum of the as-synthesized bare AuNC. The PL emission decay of the bare AuNC detected at 405 nm and excited at 295 nm. The black dots are the experimental data, whereas the solid line (red) is the best fit. Temporal evolution of the fs transient absorption spectra of the bare AuNC. PL emission decay profile of the blue (a: detected at 420 nm) and red luminescent (b: detected at 660 nm) DT-terminated AuNC (the black dots are the experimental data whereas the solid red line is the best fit). 
